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Summary 
Following prolonged exposure to an odorant, C. ele- 
gans exhibits a diminished response to the odorant for 
several hours. This olfactory adaptation is odorant se- 
lective; animals can adapt independently to different 
odorants sensed by a single pair of olfactory neurons, 
the AWC neurons, The mechanism of olfactory adapta- 
tion is genetically complex, with different genes re- 
quired for adaptation to different odorants. Animals 
mutant for the gene adp.1 fail to adapt to a subset of 
AWC-sensed odorants; adlP1 affects a calcium-depen- 
dent process required for adaptation. Mutations in an- 
other gene, osm-9, affect adaptation to a different but 
overlapping subset of AWC-sensed odorants. Muta- 
tions in adp-1 and osm.9 do not diminish the ability of 
unadapted animals to respond to odorants, indicating 
that odorant sensation and odorant adaptation are dis- 
tinct processes. 
Introduction 
Sensory systems adapt to ambient conditions over time 
scales ranging from milliseconds (receptor desensitiza- 
tion) to years (plasticity of central representations). Pro- 
longed sensory stimulation can strengthen, weaken, or 
eliminate the responsiveness of sensory neurons. The 
consequences of stimulation depend on the strength and 
duration of the sensory stimulus; they also vary with devel- 
opmental stage and stimulus context (Dudai, 1989; Ochoa 
et al., 1990; Hadcock and Malbon, 1993; Rauschecker 
and Korte, 1993). 
Activation of the olfactory system by odorants is accom- 
panied by multiple mechanisms that terminate olfactory 
signaling. In vertebrate olfactory neurons, odorant binding 
to receptors initiates the production of second messen- 
gers, including cAMP and inositol trisphosphate (Pace et 
al., 1985; Sklar et al., 1986; Boekhoff et al., 1990; Buck and 
Axel, 1991). Despite the continued presence of odorant, 
production of second messengers in isolated olfactory cilia 
is attenuated within 100 ms of odorant exposure (Boekhoff 
et al., 1990). Protein kinase A, protein kinase C, arrestin, 
and the BARK family of kinases have been implicated in 
this rapid biochemical desensitization (Boekhoff and 
Breer, 1992; Dawson et al., 1993; Schleicher et al., 1993). 
Odorant-induced production of cAMP leads to the open- 
ing of a cyclic nucleotide-gated channel and depolariza- 
tion of vertebrate olfactory neurons (Nakamura and Gold, 
1987; Firestein et al., 1991). After a few seconds of odorant 
exposure, the electrical activity of an olfactory neuron de- 
creases to less than a third of its peak value (Getchell and 
Shepherd, 1978). At least part of this diminished electrical 
activity is due to decreased responsiveness of the cyclic 
nucleotide-gated channel to cAMP and cGMP (Zufall et 
al., 1991 ; Kramer and Siegelbaum, 1992). Both adaptation 
to odorant and modulation of this channel are calcium 
dependent, and they occur with similar kinetics (Kurahashi 
and Shibuya, 1990; Kramer and Siegelbaum, 1992; Kleene, 
1993; Chen and Yau, 1994). Calcium-calmodulin binding 
to the cyclic nucleotide-gated channel decreases the abil- 
ity of cyclic nucleotide to open the channel (Liu et al., 
1995). 
In contrast to the rapid biochemical and physiological 
changes observed in olfactory neurons, psychophysical 
studies reveal additional, slower changes in olfactory per- 
ception. Typically, the perceived intensity of an odorant 
decreases continuously for minutes after odorant expo- 
sure (Ekman et al., 1967; Murphy, 1987). Additional forms 
of plasticity occur over longer times; for example, expo- 
sure to an odorant over a period of weeks results in in- 
creased odorant sensitivity in mice (Wang et al., 1993). 
While these changes are important at the behavioral evel, 
nothing is known about the biochemical mechanisms by 
which slow perceptual adaptation occurs. The cellular lo- 
cation of these changes is also unclear, since most studies 
of olfactory neurons or the olfactory bulb use odorant dura- 
tions of less than 1 min. 
What cellular changes lead to modified olfactory percep- 
tion, and in which cells do they occur? How do rapid, odor- 
ant-induced biochemical alterations relate to slower forms 
of plasticity in the olfactory system? Identifying the rele- 
vant cellular changes for adaptation is difficult in the verte- 
brate olfactory system, which contains hundreds of differ- 
ent types of sensory neurons with different olfactory 
specificities (Buck and Axel, 1991). A much simpler olfac- 
tory system operates in the nematode Caenorhabditis 
elegans, which responds to many attractive odorants over 
a wide range of concentrations. Olfactory responses in 
C. elegans are mediated by two pairs of olfactory neurons, 
the AWC neurons and the AWA neurons (Bargmann et 
al., 1993). The AWC neurons sense the odorants benzal- 
dehyde, isoamyl alcohol, and butanone, whereas the odo r- 
ants diacetyl, pyrazine, and 2,4,5-trimethylthiazole are 
sensed primarily by the AWA neurons. 
Here we show that C. elegans can adapt to many volatile 
attractants in an odorant-selective manner. A screen for 
mutants that fail to adapt to benzaldehyde yielded the 
adp-1 mutant, which is defective in adaptation to a subset 
of AWC-sensed odorants. Another mutant, osm-9, is de- 
fective in adaptation to a different subset of odorant re- 
sponses mediated by AWC. Neither of these mutations 
alters the chemotaxis response of unadapted mutant ani- 
mals to AWC-sensed odorants, indicating that olfactory 
adaptation can be uncoupled from olfactory sensation. 
adp-I and osm-9 appear to have discrete functions in gen- 
erating behavioral plasticity in C. elegans. 
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Adapt  @ Assay  Wash /~._  ~ Chemotaxis index = #A- #C total #worms Figure 1. Adaptation Paradigm and Scoring of Chemotaxis Assay Animals are adapted on agar-containing Petri plates with odorant placed on the lid of the plate. Following adaptation, chemotaxis assays are conducted on fresh agar plates for 60 rain; 
azide is used to anesthetize animals that reach 
either the attractant or the control area. 
Results 
C. elegans Adapts to Volatile Odorants 
To determine whether C. elegans adapts to olfactory stim- 
uli, wild-type animals were transferred to an environment 
with a high uniform level of a single attractive odorant (see 
Experimental Procedures). Following continuous expo- 
sure for varying amounts of time, the animals' attraction 
to the adapting odorant was measured in a standard che- 
motaxis assay (Figure 1). Chemotaxis responses to the 
odorant benzaldehyde were significantly diminished after 
30 min of exposure to benzaldehyde, and decreased fur- 
ther after 90 min of exposure (Figure 2A). The extent of 
adaptation was dependent both on the time of exposure 
to benzaldehyde and on the amount of benzaldehyde to 
which the animals were exposed (Figure 2A; see also Ex. 
perimental Procedures). Adaptation was fully reversible; 
the olfactory response to benzaldehyde recovered within 
3 hr after animals were removed from benzaldehyde (Fig- 
ure 2C). 
Adaptation to several other odorants was also observed. 
Chemotaxis to isoamyl alcohol was diminished after 30 
min of exposure to high levels of isoamyl alcohol (Figure 
2B). Isoamyl alcohol adaptation occurred with a slightly 
different ime Course than benzaldehyde adaptation, but 
it was also fully reversible (Figure 2D). C. elegans also 
adapted to the attractive odorants butanone, diacetyl, and 
2,4,5-trimethylthiazole (Figure 3C; Figure 4; and data not 
shown). Diacetyl is sensed almost entirely by the AWA 
olfactory neurons; thus, the AWA neurons also adapt to 
odorants. 
Olfactory Adaptation Is Odorant Selective 
Depending on the mechanism bywhich adaptation occurs, 
adaptation to a single AWC-sensed odorant could affect 
the ability of adapted animals to respond only to the adapt- 
ing odorant, to some or all AWC-sensed odorants, or to 
all odorants. To determine the specificity of adaptation, 
wild-type animals were exposed to benzaldehyde for 90 
min and then tested for their responses to six different 
odorants (Figure 3A). Benzaldehyde-treated animals ex- 
hibited a diminished response to both benzaldehyde and 
isoamyl alcohol; however, they responded almost nor- 
mally to four other odorants (Figure 3A). Thus, benzalde- 
hyde exposure did not cause nonspecific toxicity, nor did 
it inhibit all chemotaxis behaviors. In addition, since the 
butanone response (which is mediated by AWC) was not 
affected by benzaldehyde xposure, benzaldehyde adap- 
tation did not eliminate all olfactory functions of the AWC 
sensory neurons. 
Similarly, animals adapted to isoamyl alcohol for 90 min 
had a decreased response to both benzaldehyde and iso- 
amyl alcohol, whereas their responses to other odorants, 
including butanone, were only slightly affected (Figure 
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Figure 2. Adaptation to Benzaldehyde and 
Isoamyl Alcohol 
(A and B) Time course of adaptation. Animals 
were adapted for various periods of time to 
benzaldehyde ,(A) or isoamyl alcohol (B). Fol- 
lowing adaptation, they were tested for chemo- 
taxis to the adapting odorant (A and B) or to 
butanone as a control for odorant specificity of 
adaptation (insets). 
(C and D) Recovery after adaptation, Animals 
were adapted to benzaldehyde for 90 min (C) 
or to isoamyl alcohol for 60 min (D), allowed to 
recover in the absence of odorant for different 
periods of time, and tested for chemotaxis to 
the adapting odorant or to butanone (insets). 
Solid lines, adapted animals; dashed lines, un- 
adapted controls. 
The time course for each inset matches the 
graph for which the inset is shown, and chemo- 
taxis indices range from 0 to 1.0, as in the 
graphs. Error bars indicate SEM; n = 6 assays 
for all data unless otherwise noted. 
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Figure 3. Odorant Specificity of Adaptation 
Animals were adapted to benzaldehyde for 90 
min (A) or to isoamyl alcohol for 60 rain (B) 
and were tested for chernotaxis to each of six 
odorants. For adaptation to butanone (C), ani- 
mals were exposed to butanone for 90 min. 
Responses of unadapted animals are shown 
as a control. Odorant dilutions for chemotaxis 
assays were: benzaldehyde, 1:200; isoamyl al- 
cohol, 1:100; diacetyl, 1:1000; pyrazine, 10 rag/ 
ml; butanone, 1:1000; and 2,4,5-trimethylthia- 
zole, 1:1000. Error bars indicate SEM. 
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3B). The cross-adaptation observed between benzalde- 
hyde and isoamyl alcohol indicates that these two odorants 
share a component of olfactory signaling or adaptation. 
Animals adapted to butanone responded normally to 
benzaldehyde and isoamyl alcohol, confirming that buta- 
none adaptation was distinct from adaptation to the other 
odorants ensed by the AWC neurons (Fig u re 3C). Adapta- 
tion to the AWA-sensed odorant diacetyl was also odorant 
selective (data not shown; see Experimental Procedures). 
Calcium Influx Is Required for Rapid Adaptation to 
Benzaldehyde and Butanone 
Changes in intracellular calcium concentration have been 
implicated in adaptation in a number of sensory systems, 
including the visual system of vertebrates and Drosophila 
(Ranganathan et al., 1991; Stryer, 1991). An odorant- 
stimulated increase in intracellular calcium that occurs in 
vertebrate olfactory neurons has been proposed to initiate 
olfactory adaptation (Kurahashi and Shibuya, 1990). We 
wished to investigate whether calcium influx into the sen- 
sory neurons might play a role in adaptation to odorants 
in C. elegans. Because the chemosensory neurons of 
C. elegans are exposed to the external environment, hey 
are sensitive to pharmacological manipulation at their sen- 
sory endings (Ward et al., 1975; Ware et al., 1975). Wild- 
type animals were therefore pretreated with EGTA to che- 
late extracellular calcium, adapted to various odorants 
under these low calcium conditions, and then assayed 
for their ability to respond to the adapting odorant. This 
treatment did not appear to affect the health or viability of 
the animals. 
Pretreatment with EGTA partially inhibited adaptation of 
wild-type animals to benzaldehyde and butanone (Figure 
4A). The effect of EGTA treatment on benzaldehyde adap- 
tation was dependent on the concentration of EGTA and 
on the duration of EGTA preincubation, and was rescued 
by added calcium but not by magnesium (see Experimen- 
tal Procedures). Adaptation to isoamyl alcohol and to dia- 
cetyl was unaffected by preincubation with EGTA (Fig- 
ure 4A). 
These results suggest that a calcium influx which is sen- 
sitive to EGTA pretreatment affects adaptation to some 
volatile odorants, but not to others. The most likely site 
of this calcium influx would be either the AWC sensory 
neurons themselves or some other exposed cell type. Al- 
though isoamyl alcohol is also detected by the AWC neu- 
rons, adaptation to this odorant was not affected by EGTA 
treatment. 
adp.1 Mutants Are Defective in Adaptation to 
Benzaldehyde and Butanone 
To identify genes that might be involved in this calcium- 
dependent adaptation process, we screened for mutants 
that continued to chemotax to benzaldehyde after 2 hr of 
benzaldehyde xposure (see Experimental Procedures). 
We identified a new mutant, adp-1, which has a dominant 
defect in benzaldehyde adaptation, adp-1 mutants showed 
little or no adaptation in the first 60 rain of exposure to 
benzaldehyde, with partial adaptation occurring after 90 
rain of exposure (Figure 4B). 
To test the generality of the mutant defect, adp-1 ani- 
mals were tested for adaptation to other odorants. Surpris- 
ingly, the adaptation defect in adp-1 mutants was odorant 
selective: adp-1 animals were defective in adaptation to 
benzaldehyde and butanone but adapted normally to iso- 
amyl alcohol and diacetyl (Figure 4D). Cross-adaptation 
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Figure 4. adp-l(ky20) and EGTA Affect a Common, Odorant-Specific Adaptation Pathway 
(A) Effects of EGTA on adaptation of wild-type and adp-l(ky20) animals. Animals were preincubated with 50 mM EGTA (hatched bars) or without 
EGTA (closed bars) for 2 hr. They were lhen exposed to an odorant for 60 min (right data points; marked by Ad) or not exposed to odorant (left 
data points) and tested for chemotaxis to the adapting odorant. EGTA-treated animals were defective in adaptation to benzaldehyde and butanone 
(p < .01) but not to isoamyl alcohol or diacetyl. Benzaldehyde adaptation of adp-l(ky20) mutants was not affected by EGTA treatment. 
(B) Time course of adaptation of adp-l(ky20) to benzaldehyde. Animals were exposed to benzaldehyde for different imes and tested for chemotaxis 
to benzaldehyde (solid line) or butanone as a control (dashed line; compare Figure 2A). adp-l(ky20) animals were defective in benzaldehyde 
adaptation at all times of adaptation (p < .001 in all cases). 
(C) Chemotaxis of adp.l(ky20) (dashed line) and wild-type (closed line) animals to different concentrations of benzaldehyde. Unadapted animals 
were tested for chemotaxis responses across a range of benzaldehyde concentrations, adp-l(ky20) animals responded normally to benzaldehyde 
at all tested dilutions (p > .05) except for 10 -6 (p = .02). 
(D) Odorant-specific adaptation defects in adp-l(ky20). Wild-type (closed bars) or adp-l(ky20) (hatched bars) animals were tested for chemotaxis 
to each of four odorants, either when unadapted (left data points) or when adapted to that odorant (right data points; marked by Ad). Cross-adaptation 
was determined by exposing animals to benzaldehyde, then testing for chemotaxis to isoamyl alcohol (bz~ia) and vice versa (ia~bz). adp-l(ky20) 
mutants were defective in adaptation to benzaldehyde and butanone, as well as both forms of cross-adaptation (p < .01 in all cases), but normal 
for isoamyl alcohol and diacetyl adaptation (p > .05). For bz~ia cross-adaptation data, n = 3 assays; for all other data, n = 6 assays. 
between benzaldehyde and isoamyl alcohol (a diminished 
response to one odorant after exposure to the other odor- 
ant) was also defective in adp-1 mutants (Figure 4D). 
Some forms of adaptation are thought to be important 
for setting sensitivity at different stimulus intensities; as 
a result, mutants defective in adaptation might exhibit al- 
tered odorant sensitivity even when unadapted. However, 
the olfactory response of unadapted adp-1 animals to 
benzaldehyde and butanone was similar to that of wild- 
type animals throughout a range of concentrations (Figure 
4C and data not shown). Thus, the adp-1 mutation did not 
affect primary sensory transduction; rather, its defect was 
apparent only in the integration of information over longer 
time periods. 
Other chemosensory responses of adp-1 animals were 
indistinguishable from those of wild-type animals. Chemo- 
taxis to other volati le odorants and to water-soluble attract- 
ants was normal in adp-1 mutants, as was avoidance of 
volatile repellents and high osmotic strength, adp-1 ani- 
mals appeared normal in their viability, fertility, movement,  
mating, and feeding. 
The adp.1 Mutation Affects a Calc ium-Dependent 
Process of Adaptation 
adp-1 mutants and EGTA-treated wild-type animals had 
very similar adaptation defects. Both exhibited defects in 
adaptation to the same subset of AWC-sensed odorants 
(Figure 4), and both exhibited the same time course of 
benzaldehyde adaptation, with virtually no adaptation oc- 
curring at early time points while partial adaptation oc- 
curred at later time points. Recovery from benzaldehyde 
adaptation also fol lowed the same time course for adp-1 
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Figure 5. osm-9 Affects Adaptation to Isoamyl Alcohol and Butanone 
(A) Odorant-specific adaptation defects in osm-9(kylO). Wild-type 
(closed bars) or osm-9(kylO) (hatched bars) animals were tested for 
chemotaxis to each of three odorants, either when unadapted (left 
data points) or when adapted to that odorant (right data points; marked 
by Ad). Cross-adaptation was determined by exposing animals to benz- 
aldehyde, then testing for chemotaxis to isoamyl alcohol (bz~ia) and 
vice versa (ia~bz). osm-9(kylO) mutants were defective in adaptation 
to isoamyl alcohol and butanone, as well as ia~bz cross-adaptation 
(p < .001 in all cases), but normal for adaptation to benzaldehyde and 
for bz~ia cross-adaptation (p > .05). For bz~ia cross-adaptation data, 
n = 3 assays; for all other data, n = 6 assays. 
(B) Chemotaxis of osm-9(kylO) (dashed line) and wild-type (solid line) 
animals to different concentrations of isoamyl alcohol. Unadapted ani- 
mals were tested for chemotaxis responses across a range of isoamyl 
alcohol concentrations, osm.9(kylO) animals responded normally to 
isoamyl alcohol at all dilutions tested (p > .05 in all cases). 
(C) Adaptation of wild-type, osm-9(ky10), osm-3(pS02), and osm- 
animals and EGTA-treated wild-type animals (data not 
shown). 
To investigate whether the adp-1 mutation and EGTA 
treatment affect the same process, adp-1 animals were 
preincubated with EGTA and then adapted to benzalde- 
hyde (Figure 4A). Benzaldehyde adaptation of adp-I 
animals was insensitive to EGTA. Since both the adp-1 
mutationand EGTA treatment led to partial defects in ad- 
aptation and since they showed no additivity, it is likely 
that they affect the same adaptation pathway. 
Adaptation to benzaldehyde was not altered in wild-type 
or adp-1 animals by increasing extracellular calcium con- 
centrations to 20 mM CaCI2 (data not shown). The 1 mM 
CaCI2 present in standard assay plates appeared to be 
sufficient to saturate the calcium response. 
osm-9 Mutations Affect Adaptation to Butanone 
and Isoamyl Alcohol 
Mutants with defects in adaptation to isoamyl alcohol were 
sought by a direct screen and by testing existing sensory 
mutants for adaptation defects. A striking defect in adapta- 
tion to isoamyl alcohol and butanone was observed in kylO 
mutants (Figure 5A). Mapping and complementation data 
indicated that kylO was a recessive mutation in the osm-9 
gene. osm-9 mutants are defective in avoidance of high 
osmotic strength (J. Thomas, personal communication). 
Like the canonical osm-9 allele n1601, osm-9(kylO) mu- 
tants were defective in osmotic avoidance, and osm- 
9(n1601) animals exhibited defective adaptation to iso- 
amyl alcohol, osm-9 mutations did not block adaptation 
completely, but the extent of the defect was identical in 
mutants bearing either osm-9 allele. 
To examine whether the adaptation defects are a direct 
result of the osmotic avoidance defects in osm-9 mutants, 
adaptation was tested in other osmotic avoidance-defective 
mutants. Isoamyl alcohol adaptation was normal in osm-3 
and osm-ll  mutants (Figure 5C), indicating that adapta- 
tion defects and osmotic avoidance defects are separable 
from one another. 
As was observed with the adp-1 mutation, osm-9 muta- 
tions were odorant selective in their effects, osm-9 animals 
adapted normally to benzaldehyde (Figure 5A) and exhib- 
ited wild-type sensitivity of benzaldehyde adaptation to 
EGTA pretreatment (data not shown). However, following 
exposure to isoamyl alcohol, osm-9 animals exhibited de- 
fective cross-adaptation to benzaldehyde. By contrast, the 
isoamyl alcohol response of osm-9 animals was dimin- 
ished by benzaldehyde xposure to the same extent as 
that of wild type (Figure 5A). Thus, osm-9(kylO) mutants 
were defective in all adaptation that was initiated by expo- 
sure to isoamyl alcohol, but not to any form of adaptation 
initiated by exposure to benzaldehyde. 
Unadapted osm-9 animals exhibited wild-type chemo- 
taxis to all concentrations of isoamyl alcohol (Figure 5B) 
and butanone (data not shown). As was observed with 
11(n1604) animals to benzaldehyde. Animals were incubated with 
(adapted) or without (unadapted) benzaldehyde for 90 min and tested 
for their esponses to benzaldehyde (at left) or butanone (control data; 
at right). 
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Figure 6. Additive Effects of the adp-1 and 
osm-9 Mutations 
Wild-type or mutant animals were exposed to 
benzaldehyde, isoamyl alcohol, or butanone 
and tested for responses to the adapting odor- 
ant (at right in each set; marked by Ad). The 
double mutants were significantly different 
from either single mutant for butanone adapta- 
tion (p < .01). Cross-adaptation to isoamyl alco- 
hol after benzaldehyde adaptation (bz~ia) and 
cross-adaptation to benzaldehyde after isoa- 
myl alcohol adaptation (ia~bz) are also shown. 
The double mutants were significantly different 
from either single mutant for ia~bz cross- 
adaptation (p < .01). The responses of un- 
adapted animals are included at left. Error bars 
indicate SEM. 
adp-1, the adaptation defect in osm-9 mutants did not 
result in insensitivity or hypersensitivity to the relevant 
odorants. 
Additive Effects of adp.1 and osm.9 Mutations 
To examine possible interactions between genes that af- 
fect adaptation, an adp-l(ky20); osm-9(kylO) double mu- 
tant strain was constructed. The double mutants showed 
simple additivity of their mutant defects (Figure 6). The 
benzaldehyde adaptation of these animals was similar 
to that of adp-1 mutants, their isoamyl alcohol adapta- 
tion was similar to that of osm-9 mutants, and their cross- 
adaptation to isoamyl alcohol following benzaldehyde x- 
posure was similar to that of adp-1 mutants. For the two 
forms of adaptation for which both mutants showed de- 
fects, additive defects were observed in the double mu- 
tants. Thus, the double mutants were more defective in 
butanone adaptation than either single mutant, and more 
defective in benzaldehyde cross-adaptation following iso- 
amyl alcohol adaptation than either single mutant. By all 
genetic criteria, it appeared that the osm-9 mutation and 
the adp-1 mutation affected nonoverlapping aspects of 
olfactory adaptation. 
Discussion 
Plasticity in Olfactory Responses in C. elegans 
These ~' experiments demonstrate that the olfactory re- 
sponses of C. eiegans are affected by the experience of 
the animal. Prolonged exposure to any of three odorants 
sensed by the AWC neurons led to a selective, reversible, 
arid relatively long-lasting decrease in the response to that 
odorant. 
Other sensory responses of C. eiegans are also subject 
to change based on experience. Previous studies have sug- 
gested that water-soluble chemotaxis hows a rapid form 
of adaptation (Ward, 1973; Dusenbery, 1980). Touch re- 
sponses of C. elegans display sensory adaptation and 
nonassociative forms of learning such as habituation and 
sensitization (Rankin et al., 1990). Thermal preferences 
are altered to reflect he temperature at which animals are 
raised (Hedgecock and Russell, 1975). Like the olfactory 
adaptation observed here, the acquisition of thermal pref- 
erences takes several hours to develop. 
Odorants Sensed by the Same Type of Neuron Can 
Adapt Independently 
One goal of these studies was to determine the properties 
of behavioral adaptation in the intact animal. We found that 
adaptation was odorant selective, discriminating between 
odorants that are detected by a single type of sensory 
neuron. These results indicate that adaptation cannot re- 
sult from synaptic fatigue or silencing of the AWC neurons. 
Rather, individual olfactory responses must be modulated 
through discrete changes in the sensory or signaling prop- 
erties of individual neurons. 
These results can be explained if the olfactory neurons 
selectively inactivate only those receptors or signaling 
pathways that are engaged at a given time. In bacterial 
cells, where chemical adaptation occurs by receptor meth- 
ylation, specific methylation of active (ligand-associated) 
receptors allows attractant-specific adaptation to occur 
(Goy et al., 1977; Springer et al., 1979). Similarly, rhodop- 
sin kinase, which initiates light adaptation of rhodopsin, 
is active only when bound to activated rhodopsin (Brown 
et at., 1992; Dean and Akhtar, 1993). 
The calcium-binding proteins, protein kinases, and ar- 
restins implicated in adaptation of vertebrate olfactory 
neurons are activated within seconds of odorant exposure, 
long before we see modification of olfactory behaviors 
(Boekhoff and Breer, 1992; Dawson et al., 1993; Schleicher 
et al., 1993; Chen and Yau, 1994). Although these rapid 
events could initiate olfactory adaptation, the temporal dis- 
crepancy suggests that other changes are required for 
behavioral modification. 
Adaptation might occur entirely through changes in the 
AWC sensory neurons, or it might depend on more com- 
plex mechanisms of neuronal integration. These models 
can be distinguished by determining the cellular site of 
action of the adaptation genes. 
Different Odorants Use Distinct, Partly Overlapping 
Adaptation Pathways 
Behavioral analysis of wild-type and mutant animals re- 
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Figure 7. Summary of Adaptation Data 
Each odorant adapts to itself; benzaldehyde and isoamyl alcohol also 
cross-adapt. Extracelluiar calcium is required for benzaldehyde and 
butanone adaptation, adp-l(ky20) is defective in benzaldehyde and 
butanone adaptation and in both forms of cross-adaptation; osm-9 is 
defective in isoamyl alcohol and butanone adaptation and in ia~bz 
cross-adaptation. 
vealed a surprising complexity in adaptation mechanisms. 
Three odorants--benzaldehyde, butanone, and isoamyl 
alcohol-- are primarily detected by a single pair of olfactory 
AWC neurons (Bargmann et al., 1993). Yet no single treat- 
ment or mutation affected all three odorants equally (Fig- 
ure 7). Benzaldehyde and isoamyl alcohol responses 
cross-adapted, suggesting that some adaptation or sig- 
naling components were common to both response 
pathways, adp-l(ky20) and EGTA treatment affected 
benzaldehyde and butanone adaptation, indicating that 
EGTA-sensitive calcium influx was required for adaptation 
to these two odorants. Finally, osm-9 affected butanone 
and isoamyl alcohol adaptation. Each mutation or treat- 
ment affected two of the three tested odorants, but all 
pairwise combinations were observed. None of these mu- 
tations is known to be a null mutation, but nonetheless 
these results show that different adaptation genes prefer- 
entially affect certain odorant responses. 
All of the mutations and pharmacological treatments led 
to a partial loss of olfactory adaptation, even though the 
mutant screens should have been most efficient at de- 
tecting mutants that completely failed to adapt to odorants. 
Similarly, in Dictyostelium, single mutations cause partial 
adaptation defects because of redundancy among adapta- 
tion pathways (Pitt et al., 1990). For several of the odor- 
ants, adaptation has different properties depending on the 
time and type of odorant exposure. The adp-1 mutation 
blocked benzaldehyde adaptation at 30 min of odorant 
exposure, but allowed adaption after longer times. In addi- 
tion, cross-adaptation and self-adaptation to isoamyl alco- 
hol responded differently to the adp-1 mutation. Together, 
our results suggest that each odorant response might be 
regulated by several different adaptation mechanisms. 
adp.1 May Affect a Calcium-Sensitive 
Adaptation Pathway 
The adaptation defects observed in adp-l(ky20) animals 
and EGTA-treated wild-type animals were indistinguish- 
able. Both displayed defective adaptation to benzalde- 
hyde and butanone while adapting normally to isoamyl 
alcohol; both exhibited defective cross-adaptation be- 
tween benzaldehyde and isoamyl alcohol. In addition, al- 
though the adaptation defects observed in each case were 
incomplete, no additional defect was seen when adp-1 
mutants were treated with EGTA. Together, these results 
indicate that the mutation and the pharmacological treat- 
ment disrupt the same part of the adaptation process. 
The simplest explanation of these data is that calcium 
from extracellular regions is required for the AWC sensory 
neurons to initiate some forms of olfactory adaptation. Cal- 
cium influx itself might trigger adaptation, as has been 
proposed in vertebrate olfactory neurons (Kurahashi and 
Shibuya, 1990; Zufall et al., 1991). 
osm.9 Affects Chemosensory Transduction and 
Odorant Adaptation 
Mutations in osm-9 affect both olfactory adaptation and 
avoidance of high osmotic strength. It is possible that a 
single signal transduction molecule is used in sensation 
in one cell type and adaptation in another. Alternatively, 
unidentified cells affected by osm-9 could feed back on 
both adaptation and avoidance in two different types of 
sensory neurons. 
adp-1; osm-9 double mutant animals did not show any 
occlusion or synergy of their mutant phenotypes com- 
pared with either single mutant. In every respect, these 
two genes appear to be independent of one another in 
their effects on adaptation. We speculate that they affect 
two distinct cellular or molecular adaptation mechanisms. 
Odorant Sensation and Adaptation 
Are Distinct Processes 
Examination of these mutants revealed that olfactory ad- 
aptation in C. elegans could be disabled without affecting 
the sensitivity or accuracy of the olfactory system. In this 
respect, the adaptation mutants were unlike most adapta- 
tion-defective mutants in the chemosensory systems of 
bacteria, yeast, Paramecium, and Dictyostelium (Goy et 
al., 1977; Pitt et al., 1990; Cole and Reed, 1991). Many 
yeast mutants that fail to adapt to mating pheromone are 
hypersensitive to low concentrations of pheromone (Chan 
and Otte, 1982; Konopka et al., 1988; Reneke et al., 1988; 
Cole and Reed, 1991). In bacterial chemotaxis, disruption 
of the adaptation mechanism leads to a near-complete 
failure of chemotaxis (Weis and Koshland, 1988). 
Light adaptation in photoreceptors ets the gain of the 
visual system, allowing vision at both high and low light 
levels (Stryer, 1991). As this model would predict, light 
adaptation-defective mutants in Drosophila are blind 
(Ranganathan et al., 1991). By contrast, the adp-1 and 
osm-9 mutants did not display any alterations in chemo- 
taxis to AWC-sensed odorants. Therefore, any adaptation 
system required to set sensitivity to ambient odorant levels 
during chemotaxis is not disrupted in these mutants. The 
adaptation observed here might determine odorant prefer- 
ences over longer periods of time, allowing the animal to 
select among odorants based on its experience. 
Experimental Procedures 
Adaptation to Odorants 
All assays were conducted on well-fed adult animals. Adaptations were 
carried out on 10 cm Petri plates containing 10 ml of assay agar (3% 
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agar, 5 mM KPO4 [pH 6], 1 mM CaCI2, 1 mM MgSO4). Several hundred 
animals were washed twice with S Basal (Brenner, 1974) and once 
with assay buffer (same composition as assay agar but without agar) 
and placed on the plate. Benzaldehyde (3 pl) was distributed among 
five agar plugs on the lid of the plate, and the plate was sealed with 
Parafilm. After adaptation, animals were washed three times with 
S Basal and once with assay buffer, then assayed for chemotaxis on 
plates containing 1.6% agar. Controls were treated in parallel except 
that no odorant was placed on the agar plugs on the plate lid. For the 
adaptation time course experiments (Figure 1; Figure 3), all adapted 
and control animals were starved for a total of 90 min to control for 
effects of starvation on chemotaxis. Longer starvation times resulted 
in complex changes in chemotaxis and adaptation (data not shown). 
Chemotaxis assays to volatile odorants and water-soluble attract- 
ants were conducted using standard techniques (Bargmann et al., 
1993). Standard odorant dilutions for chemotaxis assays were: benzal- 
dehyde, 1:200; isoamyl alcohol, 1:100; diacetyl, 1:1000; pyrazine, 10 
mg/ml; butanone, 1:1000; and 2,4,5-trimethylthiazole, 1:1000 (in etha- 
nol, unless otherwise noted). 
For each odorant, the amount that gave a high level of adaptation 
with minimal toxicity was used for adaptation. For example, after 2 hrof 
adaptation with benzaldehyde, the chemotaxis index to benzaldehyde 
decreased from 0.87 to 0.61 (0.1 pl of benzaldehyde), 0.40 (1 pl), 
0.08 (2 pl), or 0.01 (4 Id). At 6 I~1 of benzaldehyde, toxic effects were 
observed; animals moved poorly and failed to chemotax to any odor- 
ant. Based on these results, 2.5-3 p.I of benzaldehyde was used as 
the standard amount for adaptation. Isoamyl alcohol (15 ~1) or buta- 
none (20 I~1) was used for adaptation. 
To examine the effects of calcium on adaptation, assay plates were 
prePared without calcium, and EGTA (pH 7) was added to different 
concentrations. EGTA preincuba!ions were carried out for 2 hr; then, 
the adapting odorant was added and the plate was sealed for 60 rain. 
Controls were treated in parallel. After adaptation, animals were 
washed and assayed on standard assay plates. Under conditions in 
which unadapted animals had a chemotaxis index to benzaldehyde 
of 0.83 and adapted animals had a chemotaxis index of 0.22, animals 
incubated in 20 mM EGTA had an index of 0.36, animals incubated 
in 40 mM EGTA had an index of0.59, and animals incubated in 60 
or 80 mM EGTA had a chemotaxis index of 0.58. At 100 mM EGTA, 
defects in unadapted chemotaxis responses became evident. Preincu- 
bation for 60 min in EGTA gave a weaker block of adaptation. Animals 
adapted normally if preincubated in 60 mM EGTA and 60 mM CaCI2; 
however, preincubation in 60 mM EGTA and 60 mM MgCI2 prevented 
benzaldehyde adaptation as well as EGTA alone. Unadapted animals 
pretreated with EGTA exhibited essentially a wild-type response to 
increasing dilutions of benzaldehyde. 
Adaptation to other volatile odorants was also odorant selective. 
Treatment for 2 hr with 5 pl of 2,4,5-trimethylthiazole caused a de- 
crease in chemotaxis index to 2,4,5-trimethylthiazole from 0.80 (un- 
adapted) to 0.22 (adapted); adapted animals exhibited normal chemo- 
taxis to benzaldehyde. Treatment with 4 pl of diacetyl for 60 min caused 
a drop in chemotaxis index to diacetyl from 0.81 to 0.40; adapted 
animals exhibited normal chemotaxis to benzaldehyde. 
Mutant Screens 
Animals were mutagenized with ethyl methanesulfonate using stan- 
dard methods (Brenner, 1974). The progeny of 4400 mutagenized F1 
animals were adapted to benzaldehyde for 2 hr and then allowed to 
choose between benzaldehyde at a 1:50 dilution in ethanol and diace- 
tyl at a 1:2500 dilution. Under these conditions, unadapted wild-type 
animals strongly preferred benzaldehyde, and adapted animals 
strongly preferred diacetyl. Animals at the benzaldehyde were col- 
lected, allowed to recover for 3 hr, and subjected to a second round 
of adaptation and choice. Animals at the benzaldehyde were collected 
again, pooled, and grown for an additional generation; two further 
rounds of adaptation and enrichment were conducted on the progeny 
of these pooled animals. At the end of this process, single animals 
were placed on plates and allowed to self-fertilize, adp-l(ky20) and 
adp(ky16) were both isolated from this screen, adp(ky129) was identi- 
fied in a screen of the progeny of 2000 mutagenized F1 animals with 
an adaptation time of 1 rather than 2 hr. All of these mutations were 
dominant; adp-1 was characterized in detail because it had the strong- 
est phenotype. 
A similar screen for mutants that failed to adapt to isoamyl alcohol 
was conducted on the progeny of 3000 mutagenized F1 animals by 
placing animals exposed to 15 p.I of isoamyl alcohol for 90 min in a 
choice between 1 : 100 isoamyl alcohol and 1:1000 diacetyl. Only weak 
adaptation mutants and mutants with defective chemotaxis to diacetyl 
were identified in this screen. 
Genetic Analysis 
adp-l(ky20) was dominant for the benzaldehyde adaptation defect: 
after adaptation to benzaldehyde, the chemotaxis index of wild-type 
control animals was 0.28 (SEM = 0.027), that of ky20 homozygotes 
was 0.64 (SEM = 0.039), that of ky-20/unc-4(e120) heterozygotes was 
0.56 (SEM = 0.04), and that of ky20/unc-lO4(e1265) heterozygotes 
was0.63(SEM = 0.1).Theseexperimentswereconductedbycrossing 
ky20 males into mutant hermaphrodites and testing the F1 cross- 
progeny. Control crosses excluded a maternal effect or any marker 
effects, adp-l(ky20) mapped to chromosome II between unc-4 and 
b/i-1 based on the following crosses, adp-l(ky20) x sqt-2(sc3) lin- 
31(n301) I1:18118 nonSqt nonRol nonLin F2s were adaptation defec- 
tive. No linkage was observed to dominant markers on the other five 
chromosomes (Bargmann et al., 1993). For all recombinant crosses 
described below, recombinants were tested for the adaptation pheno- 
type by crossing homozygous recombinant animals with N2 males; 
F1 cross-progeny were tested for adaptation, adp-l(ky20) x unc- 
85(e1414) b/i-2(e768) I1:10/10 Unc nonBli recombinants carried the 
adp-1 mutation, adp-l(ky20) x rol-6(e187) unc-4(e120): 6/6 Rol non- 
Unc recombinants carried the adp-1 mutation, adp-l(ky20) x unc- 
4(e120) bli-1(e769): 1/3 Bli nonUnc and 2/3 Unc nonBli recombinants 
carried the adp-1 mutation, adp-1 mutants appeared normal in their 
viability, fertility, and most behaviors. Chemotaxis to volatile odorants 
and water-soluble attractants as well as avoidance of volatile repellents 
and high osmotic strength were normal in adp-1 mutants. 
osm-9(ky10) was identified in a screen for benzaldehyde adaptation- 
defective mutants, but on closer examination it proved not to have a 
benzaldehyde adaptation defect. It was defective in osmotic avoidance 
(Culotti and Russell, 1978) and mapped to chromosome IV between 
~in-1 and dpy-13, kylO failed to complement he osmotic avoidance 
defect of osm-9(n 1601) IV, which also maps left of dpy-13 on chromo- 
some IV, indicating that kylO and n1601 are alleles of the same gene. 
osm-9(n 1601), which was isolated o n the basis of an osmotic avoidance 
defect, was also found to be defective in isoamyl alcohol adaptation. 
Four other alleles of osm-9 cause similar sensory defects (J. Thomas, 
personal communication; and data not shown). The adaptation defects 
and other sensory defects in osm-g(kylO) mutants were recessive, and 
their adaptation to benzaldehyde showed normal sensitivity to EGTA 
pretreatment. The effect of EGTA treatment on butanone adaptation 
of osm-9 animals could not be tested for technical reasons; very long 
periods of exposure to EGTA reduced butanone chemotaxis of wild- 
type animals, and the butanone response of osm-g mutants appeared 
to be more sensitive to EGTA toxicity. 
An adp-l(ky20); osm-g(kylO) double mutant strain was constructed 
by crossing adp- 1 I/males with osm -9(kyl O) IV;/in- 15(n 765) X herm aph- 
rodites; non-Lin cross progeny were identified, Osm animals were iso- 
lated from their F2 self-progeny, and animals that failed to segregate 
lin-15 were tested for their adaptation phenotype. The presence of 
the osm-g mutation was confirmed by complementation; the adp-1 
mutation was found to be homozygous by cloning multiple progeny 
from candidate strains and verifying their benzaldehyde adaptation- 
defective phenotype. These animals showed normal unadapted che- 
motaxis to benzaldehyde, butanone, and isoamyl alcohol over a range 
of concentrations. 
Statistical Analysis 
Pairwise comparisons were made using a two-tailed ttest. These statis- 
tical analyses were performed with the StatView 512+ program 
(McGraw-Hill). Analysis of data in Figure 4A and Figure 6 was con- 
ducted using pooled t tests to correct for multiple comparisons. The 
pooled t test statistics were calculated using the arcsin transformation 
on proportions, on all pairs of group differences, using a computer 
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program written for this purpose by Dr. Rolf Bargman n at the University 
of Georgia. p values were less than .01 for all results presented here. 
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